Background/Aims: Pulmonary arterial endothelial plexiform lesions are a basic pathological change associated with pulmonary vascular remodeling and are characterized by the formation of tumorlets as a result of over-growth of endothelial cells. Accumulating evidence suggests that platelet-derived growth factor (PDGF) participates in regulating the progression of pulmonary arterial hypertension. However, whether PDGF promotes the survival of pulmonary arterial endothelial cells (PAECs), as well as the specific molecular mechanisms that underlie its actions, remains unknown. Methods: MTT assays, caspase-3 and caspase-9 activity assays and western blot analysis were performed. Results: We found that both the mRNA and protein expression of PDGF-B was induced by hypoxia and that the inhibitory effects exerted by hypoxia on apoptosis were attenuated by inhibitors of PDGF beta. Moreover, PDGF-B inhibited apoptosis in a dose-dependent manner by stimulating the phosphorylation of both Akt and Stat3, and the PI3K/AKT pathway serves as an up-stream participant in the Stat3 activation stimulated by PDGF-B. Additionally, the anti-apoptotic effects of PDGF-B were abolished when PAECs were treated with either an inhibitor or small interfering RNA targeting Stat3. Conclusions: These observations suggest that PDGF-B is induced by hypoxia and protects against apoptosis via the PI3K/Akt/Stat3 signaling pathway.
Platelet-Derived Growth Factor-B (PDGF-B) Induced by Hypoxia Promotes the Survival of Pulmonary Arterial Endothelial Cells through the PI3K/Akt/Stat3 Pathway

Introduction
Pulmonary arterial hypertension (PAH) is a devastating disease associated with significant morbidity and mortality. This condition is defined as an increase in mean pulmonary artery pressure of at least 25 mm Hg at rest and results from an increase in pulmonary vascular resistance due to small vessel remodeling [1, 2] . Smooth muscle cell hypertrophy, intimal endothelial cell proliferation and the formation of plexiform lesions are the primary histological characteristics of PAH [3] . Endothelial dysfunction occurs in both the pulmonary and systemic circulation and is an important hallmark of PAH [4] [5] [6] . Previous studies have demonstrated that pulmonary vascular injury promotes the appearance of apoptosis-resistant pulmonary endothelial cells [4] . Moreover, hypoxia, a key stimulator of PAH, greatly contributes to the development of plexiform lesions, disorganized angiogenesis, and pulmonary vascular remodeling; however, the mechanism for how hypoxia promotes pulmonary intimal hypertrophy remains poorly understood. Therefore, it is necessary to identify the molecules and the corresponding signaling pathways that participate in pulmonary arterial endothelial cell (PAEC) survival under conditions of hypoxia.
The phosphoinositide 3-kinase (PI3K)/Akt pathway is an important endogenous protective mechanism that prevents both cell damage and death, and its activation is crucial for maintaining endothelial cell homeostasis and ensuring endothelial cell survival following vascular injury [7] . Akt activation may lead to cell survival, as well the as the inhibition of apoptosis, via the phosphorylation of Bad, caspase-9, and IκB kinase. STAT3, which is similar to AKT, is a downstream target of various tyrosine kinase receptor signaling pathways and is involved in angiogenesis [8] [9] [10] . Most Stat family proteins, including Stat3, exist as monomeric cytosolic proteins; however, upon cytokine stimulation, these proteins are phosphorylated on specific tyrosine residues, form dimers, and subsequently diffuse through the cytosol to a region of nuclear pores before being transported into the nucleus to initiate gene transcription [11] [12] [13] [14] [15] . Several reports have focused on the role of Akt phosphorylation and Stat3 translocation and phosphorylation in pulmonary hypertension, although the mechanisms underlying the activation of the PI3K/Akt and Stat3 pathways, as well as whether a link exists between Akt activation and STAT3 activation during the development of PAH, remain unknown.
The up-regulation of PDGF occurs in the setting of PAH, and this phenomenon has been demonstrated previously in the setting of experimental vascular injury. Indeed, PDGF is a pivotal regulator of neointimal enlargement and stimulates vascular smooth muscle cell migration from the media to the neointima [16] . Reportedly, PDGFR-β, rather than PDGFR-α, mediates neointimal expansion in rodents [17] . PDGF-BB, a homodimer of two B subunits, binds to the PDGF αα-, αβ-, or ββ-receptor [18] . Following binding and subsequent receptor dimerization, the receptor triggers downstream signaling events, including ERK phosphorylation and transcription factor Sp1 induction [19] . Moreover, PDGF-BB, which is found at high levels in the lung tissues of patients with PAH, is closely related to the development of PAR in patients with PAH [20] .
Therefore, we performed several experiments to test the hypothesis that PDGF-B, which is induced by hypoxia, protects against apoptosis via the PI3K/Akt/Stat3 pathway in PAECs. In this study, we sought to confirm that hypoxia induces both the mRNA and protein expression of PDGF-B in PAECs and that the pro-survival effects exerted by hypoxia on PAECs are mediated by PDGF-B. Our findings show that Akt activation serves as an upstream regulator of Stat3, following stimulation by PDGF-B, which protects against mitochondriadependent apoptosis via activation of the PI3K/Akt/Stat3 pathway. Each of these findings demonstrates that PDGF-B is induced by hypoxia and participates in the progression of pulmonary vascular intimal hypertrophy and the development of endothelial plexiform lesions via the PI3K/Akt/Stat3 pathway, which may have important therapeutic implications in the setting of PAH. 
Materials and Methods
Materials AG-1296, imatinib, LY294002 and Stattic were purchased from Cayman Chemical Company. Antibodies against Bcl-2, Bax, Akt, p-Akt, Stat3, p-Stat3, cytochrome c, GAPDH and β-actin were purchased from Cell Signaling Technology. PDGF-B antibody was from Santa Cruz Biotechnology Inc, and Histone H1.2 antibody was bought from Proteintech. Caspase-3 activity kit, Caspase-9 activity kit, MTT and LDH assay kit were obtained from Beyotime Institute of Biotechnology (Haimen, China). All other reagents were from common commercial sources.
Cell preparation and culture
PAECs were isolated from fresh bovine pulmonary tissues as described previously [21] . These tissues were obtained from a local slaughterhouse in accordance with protocols previously reviewed and approved by the Ethical Committee for Laboratory Animals at Harbin Medical University. The cell types were confirmed by the presence of typical endothelial cell morphology, as well as by positive anti-factor VIII staining. The cells were cultured in DMEM containing 20% fetal bovine serum (FBS) in a 37°C, 5% CO 2 humidified incubator. Before each experiment, apoptosis was induced via serum deprivation (SD), and the cells were incubated in low-glucose DMEM without serum for 24 h. Passages 2-5 were used for additional experiments.
siRNA design and transfection PAECs were transfected with STAT3 small interfering RNAs, which were designed and synthesized by GenePharma. Non-targeted control siRNA (siNC) was used as a negative control. The transfection protocols required that the PAECs were cultured until they reached 30-50% confluence. A total of 1.5 μg of siRNA and 7.5 μl of X-treme Gene Transfection Reagent were diluted in serum-free Opti-MEM-1 medium and subsequently mixed together. The mixture was incubated at room temperature for 20 min and added directly to the cells. Following transfection, the cells were quiesced for 24 h and then used in experiments.
MTT assay
PAECs were cultured at a density of approximately 1 × 10 4 cells per well in 96-well culture plates; the cells were then treated with the above-indicated reagents in low-glucose DMEM without FBS (SD). Ethanol and the other reagents were added at the appropriate concentrations every 24 h. The cells were subsequently incubated in 0.5% 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT), a yellow mitochondrial dye, is dissolved in sterile PBS buffer for 4 h at 37°C. The reaction was terminated by incubating the cells with DMSO for 10 min. The absorbance was measured at 540 nm using a spectrophotometer, with the amount of blue formazan dye proportional to the number of surviving cells.
LDH assay
The activity of lactate dehydrogenase (LDH), which released into the culture media, was measured by a cytotoxicity detection kit bought from Beyotime Institute of Biotechnology. The injured cells in cultures were represented by the LDH activities of medium relative to the LDH activity after complete cell lysis, which means total LDH activity, and the total LDH activities were determined using medium containing triton-lysed cellular supernatant. The experiments were carried out as the manufactures' instructions. A portion of culture medium was reacted with an equal volume of LDH substrate solution for 30 min and then stopped by 5 volume of 0.1 M NaOH, a spectrophotometer was used to measure the absorbance at 440 nm in sister cultures were treated with 1/100 volume of 10% triton X-100 and incubated for 30 min at 37 °C.
Western blot analysis
Proteins from different experimental groups were solubilized and extracted as previously described [22] . The protein concentrations were determined via a bicinchoninic acid protein assay (Pierce, Rockford, IL), where bovine serum albumin (BSA) was used as a standard. Equal amounts of protein (20 μg) from each sample were subjected to electrophoresis on an SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane (Millipore, USA). The blots were then incubated in blocking buffer (Tris 20 mM, pH 7.6, NaCl 150 mM, and Tween 20 0.1%) containing 5% nonfat dry milk powder for 1 h at room temperature before being Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry incubated with the appropriate types and concentrations of antibodies overnight at 4°C. The following day, the bolts were incubated with horseradish peroxidase-conjugated secondary antibodies and an enhanced chemiluminescence reagent. We used β-actin as the internal control for all experiments.
Caspase-3 and caspase-9 activity assay
We measured the cleavage of chromogenic caspase substrates, Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Asp p-nitroanilide), which is a caspase-3 substrate, and Ac-LEHD-pNA (acetyl-Leu-Glu-His-Asp p-nitroanilide), a caspase-9 substrate, as caspase-3 and caspase-9 activity, respectively. The experimental procedures were carried on as the manufacture's protocols and previous studies [22, 23] . Almost 50 μg of total protein was added to the reaction buffer containing Ac-DEVD-pNA (2 mM) and Ac-LEHD-pNA (2 mM), and then incubated at 37℃ for 2 h. The absorbance of yellow pNA cleavaged from its corresponding precursors was measured using a spectrometer at 405 nm. The specific caspase activity, normalized for total proteins of cell lysates, was then expressed as fold of the baseline of control cells cultured in DMEM with 20% FBS.
Real-time PCR
Applied Biosystems 7300 Fast Real-Time PCR system was used to perform our real-time PCR experiments. Applied Biosystems Primer Express 3.0 was used to design specific primers and a BLAST program was used to confirm the specificity of the primers. Each 20 μl reaction contained 1x SYBR® Premix Ex Taq TM II, 10 μM forward and reverse primers, 0.4μl ROX reference dye, and 2 μl of cDNA. ABI 7300 Sequence Detector (PerkinElmer Applied Biosystems) was programmed for the PCR conditions: 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds, and 60°C for 30 seconds, and then followed by routine melting curve analysis. The target gene expression relative quantitation (RQ) was calculated by the 2-ΔΔCT method. The first step in the RQ analysis is to normalize target gene expression level to β-actin (ΔCt) and the second step is to compare the difference between normalized target gene expressions between different samples (ΔΔCt). Each experiment was repeated 2-3 times in 3-4 samples.
Statistical analysis
The composite data were expressed as means ± SEMs. Statistical analysis was performed with chisquare test, student's t-test or one-way ANOVA followed by Dunnett's test where appropriate. P<0.05 was considered statistically significant.
Results
Hypoxia induces both the protein and mRNA expression of PDGF-B in PAECs
To determine whether PDGF-B is involved in the hypoxia-mediated growth regulation of PAECs, we first examined whether the expression of PDGF-B is affected by hypoxia. We found that both the protein and the mRNA expression levels of PDGF-B were significantly increased by hypoxia, as determined by western blotting and real-time PCR (Figs. 1A and 1B, n=3, p<0.05), which suggested that the PDGF pathway was activated under conditions of hypoxia in PAECs.
The inhibitory effects of hypoxia on apoptosis induced by serum deprivation are attenuated by inhibitors of the PDGF-B receptor in PAECs
We next utilized inhibitors of PDGF beta to determine whether the PDGF-B pathway participated in the hypoxia-mediated apoptosis of PAECs. In this study, serum deprivation was used as an apoptotic model. We observed that serum deprivation decreased cell viability and increased the release of lactate dehydrogenase (LDH) in PAECs, an effect that was antagonized by hypoxia. However, the effects of hypoxia on cell viability and cell death were repressed following blockade of the PDGF-B pathway with imatinib and AG-1296 (Figs. 2A and 2B, n=3, p<0.05). As indicated in Figures 2C and 2D , hypoxia mitigated the effects exerted by serum deprivation on the activity of both caspase-3 and caspase-9, and the effects exerted by hypoxia were abolished by inhibitors of PDGF beta. These results indicate that PDGF-B mediates the hypoxia-induced survival and growth of PAECs. 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Additionally, we examined the effects of PDGF-B on apoptosis in the setting of serum deprivation. As shown in Figure 3C , the mitochondrial cytochrome c level in PAECs was decreased, whereas the cytosolic cytochrome c levels were increased, in response to serum deprivation; however, PDGF-B mitigated the release of cytochrome c from the mitochondria to the cytosol in starved PAECs. Additionally, the results of western blot analysis revealed that an elevated expression level of Bax and a decreased expression level of Bcl-2 were detected in PAECs following serum deprivation, and these effects were reversed following the addition of PDGF-B (Fig. 3D, n=3, p<0 .05). These results indicate that PDGF-B antagonizes intrinsic apoptosis.
PDGF-B enhances the phosphorylation of both Akt and Stat3 and promotes the nuclear translocation of Stat3
Both Akt and Stat3 play important roles in the survival and proliferation of many types of cells. Therefore, we next evaluated whether the activation and phosphorylation of these proteins were affected by PDGF-B in PAECs. As shown in Figures 4A and 4B , PDGF-B elicited the phosphorylation of both Akt (Ser473) and Stat3 (Tyr705) in PAECs. Moreover, the nuclear expression of Stat3 (activated Stat3) was significantly elevated in PAECs treated with PDGF-B, an effect that was accompanied by the decreased expression of cytoplasmic Stat3 (inactivated Stat3) (Fig. 4C, n=3, p<0 .05). These results indicate that both Akt and Stat3 can be activated by PDGF-B in PAECs in the setting of serum deprivation.
AKT inhibition attenuates the increased phosphorylation of Stat3 elicited by PDGF-B in PAECs
The above results demonstrated that PDGF-B activated both the Akt and the Stat3 signaling pathways, and previous reports have demonstrated the existence of cross-talk between the JAK/Stat and PI3K/Akt pathways [24] [25] [26] . Therefore, LY294002 (an inhibitor of PI3K) and Stattic (a Stat3-specific inhibitor) were utilized for our research. As shown in Figure 5A , each inhibitor effectively prevented the phosphorylation of Akt or Stat3 respectively. Moreover, we found that the PI3K/Akt inhibitor (LY294002) not only abolished Akt activation but also precipitated a decrease in Stat3 phosphorylation. However, the Stat3-specific inhibitor decreased only the phosphorylation of Stat3; there were no detectable effects on Akt phosphorylation (Fig. 5A, n=3, p<0.05) . These results indicate that Akt likely serves as an upstream regulator of Stat3.
PDGF-B protects against the mitochondria-dependent apoptotic pathway via the Stat3 signaling pathway
We next targeted Stat3 with either Stattic (Stat3 inhibitor) or Stat3 siRNA to investigate the role of Stat3 signaling in the anti-apoptotic effects of PDGF-B under conditions of serum deprivation. We found that blockade of the Stat3 pathway attenuated the protective effects . 5B and 5C, n=3, p<0.05). Specific siRNA designed to silence Stat3 gene expression was used to eliminate the possible nonspecific inhibition caused by the chemical inhibitor in PAECs, and western blotting was utilized to ensure the adequate siRNA-mediated knock down of Stat3 (Fig. 6A, n=3) . The results showed that the anti-apoptotic effects of PDGF-B were also abolished by inhibition of Stat3 with siRNA (Figs. 6B and 6C, n=3, p<0.05), which supported the findings shown in Figure 5 . Furthermore, PDGF-B inhibited the activation of both caspase-3 and caspase-9 in a Stat3-dependent manner (Figs. 5D and 6D, n=3, p<0.05). These results indicate that PDGF-B protects against mitochondria-dependent pathway apoptosis via the Stat3 signaling pathway.
Discussion
It has been reported that hypoxia, which causes PAH, induces pulmonary vasoconstriction. Moreover, an important change that occurs in the intimal layer of the pulmonary vasculature is the overgrowth of PAECs and the development of plexiform lesions formed by PAECs during the progression of PAH, which obliterates the pulmonary arteries and results in luminal narrowing. However, the mechanisms underlying the effects of hypoxia on pulmonary vascular remodeling, particularly the changes in the vascular endothelium, are not well understood. In the present study, we provide new evidence that PDGF-B, which is induced by hypoxia, promotes the survival of starved PAECs and that the inhibitory effects exerted by PDGF-B on the mitochondria-dependent apoptotic pathway are mediated via the Akt/Stat3 pathway. These results therefore provide novel insights into the regulatory mechanism associated with the effects of PDGF-B on PAEC survival in the setting of hypoxia. A key finding of our study was that PDGF-B mediates the inhibitory effects exerted by hypoxia on PAECs. It is known that pulmonary vasoconstriction and pulmonary arterial remodeling are two basic pathological changes associated with the progression of pulmonary hypertension and that hypoxia plays an important role in both processes; indeed, the overgrowth of the pulmonary artery endothelium is caused by hypoxia and is responsible for pulmonary vascular remodeling [4, 27, 28] . However, information detailing how hypoxia advances the remodeling of the pulmonary arterial vasculature is scarce. Exploring the mechanism by which hypoxia regulates pulmonary arterial remodeling may help us to prevent the progression of PAH. PAEC overgrowth results primarily from disturbances in the balance between cell proliferation and apoptosis, as both the inhibition of apoptosis and the promotion of proliferation will enhance the growth of PAECs and result in both pulmonary arterial intimal hypertrophy and increased blood pressure [29, 30] . Our results indicate that hypoxia induces both the protein and mRNA expression of PDGF-B in PAECs. Moreover, the inhibitory effects of hypoxia on the apoptosis induced by serum deprivation were attenuated using inhibitors of the PDGF-B receptor in PAECs; thus, PDGF-B antagonizes intrinsic apoptosis in a concentration-dependent manner. These results provide novel insights that PDGF-B appears to be an important mediator in hypoxia-induced pulmonary vascular remodeling.
Accumulating data have shown that both the JAK/Stat pathway and the PI3K/Akt signaling pathway are classic pro-survival pathways in various types of cells [31] [32] [33] . Protein kinase B (Akt) is the central protein in the phosphatidylinositol-3 kinase (PI3K)/Akt signaling pathway, and the PI3K/Akt pathway is frequently over-activated during cell growth [34] [35] [36] . Stat3, an important transcription factor, is phosphorylated and subsequently translocates into the nucleus, where it binds to several target gene promoter sequences and exert its prosurvival effects. As we have established that both the JAK/Stat and the PI3K/Akt pathways are activated following stimulation by PDGF-B and that there is cross-talk between the JAK/ Stat and PI3K/Akt pathways [24] [25] [26] , we sought to determine whether Stat3 or Akt serves as the upstream molecule in PAECs stimulated by PDGF-B. We observed that blocking the PI3K pathway with a specific inhibitor abolished the phosphorylation of both Akt and Stat3, whereas Akt phosphorylation was not affected following the inhibition of Stat3 in PAECs. These results indicate that Akt serves as an upstream regulator of Stat3 in the setting of PDGF-B treatment in PAECs.
Both Bcl-2 and Bax are located on the outer mitochondrial membrane and are involved in the regulation of mitochondrial stability; Bcl-2 is an anti-apoptotic protein, and Bax is a pro-apoptotic protein. The decreased ratio of Bcl-2 to Bax is often accompanied by a decline in mitochondrial membrane potential, which subsequently leads to the release of cytochrome c from the mitochondria to the cytoplasm, as well as the activation of both caspase-3 and caspase-9 and the triggering of cell apoptosis [37] [38] [39] . In PAECs, we used serum deprivation as an apoptotic model and observed that the decrease in the ratio of Bcl-2/Bax induced by serum deprivation was inhibited by PDGF-B. In addition, PDGF-B blocked the release of cytochrome c from the mitochondria to the cytoplasm and reversed the activation of both caspase-3 and caspase-9 following serum deprivation. However, each of the effects exerted by PDGF-B on cell apoptosis was inhibited following the blockade of the Stat3 pathway with either Stat3 siRNA or an inhibitor. Based on these results, we can conclude that PDGF-B protects against the mitochondria-dependent apoptotic pathway via the Akt/Stat3 signaling pathway in PAECs.
Although we demonstrated that PDGF-B enhances the phosphorylation of both Akt and Stat3 and activates the Akt/Stat3 pathway, whether other parallel signaling pathways are also regulated by PDGF-B to promote the survival of PAECs needs to be further determined. Additionally, relevant in vivo experiments should be performed in future studies to confirm the important role played by PDGF-B in pulmonary vascular remodeling.
In conclusion, the findings of the present study indicate that PDGF-B mediates the hypoxia-induced promotion of growth and survival of PAECs and also protects against the mitochondria-dependent apoptotic pathway via activation of the Akt/Stat3 pathway
